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Abstract The weakening of circular tunnels is a
global problem that has not been resolved satisfac-
torily. In the tunnelling process, surrounding rock
of circular-tunnel performs a process of “excavat-
ing — weakening — continuous  excavating — weak-
ening strengthens”. Different rates of excavation
affect the stress adjustment of the surrounding rock,
and also have an impact on the weakening of a cir-
cular-tunnel. An instability failure test was conducted
on a circular-tunnel with varying vertical loading
rates. The loading rate was utilized as a representa-
tive measure for the excavation rate on the site. The
results showed that the weakening process of a cir-
cular-tunnel can be divided into four distinct phases,
hydrostatic pressure (E1), particle ejection (E2), flake
stripping (E3), and instability (E4). The ordering of
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these phases is E3>FE4>FEI>E2. In the weaken-
ing process of a circular-tunnel, the root cause is the
original stress level, while the essential factor is the
engineering disturbance. A faster vertical loading
rate leads to greater stress adjustment, higher strain
energy accumulation, and an increased probability
of circular-tunnel instability. The presence of a quiet
period of AE events in the middle and later phases of
flake stripping is a precursory characteristic of circu-
lar-tunnel instability. This study has both theoretical
and practical significance in terms of revealing the
mechanism of circular-tunnel instability and achiev-
ing a reasonable arrangement of the circular-tunnel
support process.

Article Highlights

(1) The intensity of circular tunnel fracturing is
found to increase with higher vertical loading
rates and greater strain energy migration. Specifi-
cally, the hydrostatic pressure phase is identified
as the phase associated with the largest amount of
strain energy.

(2) Strain energy migration is identified as a useful
indicator of the weakening process in a circular
tunnel. It provides valuable information about the
redistribution and accumulation of energy within
the tunnel structure, which can help in under-
standing the progression of tunnel instability.
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Abbreviations

El Hydrostatic pressure phase

E2 Particle ejection phase

E3 Flake stripping phase

E4 Instability phase

07 A key parameter to distinguish shear and tensile
cracks

0  The angle between RA’” and AF’

1 Introduction

The instability mechanisms of rockmass, particu-
larly in tunnels, pose significant challenges in under-
ground engineering worldwide (Hyun-Ik et al. 2009;
Gong et al. 2019, 2023). Understanding the variation
characteristics of strain energy is crucial for gain-
ing quantitative insights into the precursors of tunnel
instability (Liu et al. 2014; Si et al. 2022; Zhang et al.
2023). It is important to clarify the features of energy
input, accumulation, dissipation, and release during
the weakening process for practical applications and
theoretical significance (Xie et al. 2008; Zhang et al.,
2015; Hou et al. 2016; Gao et al. 2020).

The accumulation and release of strain energy have
become increasingly important in understanding rock
failure processes. Researchers have studied the energy
evolution of coal in rock masses surrounding bore-
holes and utilized the dissipated energy release for
structure monitoring, employing the energy principle
(Jing and Zhang 2022). In water-saturated conditions,
rocks typically exhibit reduced ability to absorb strain
energy, which in turn promotes energy dissipation
behavior (Zhang et al. 2015; Niu et al. 2018). The
fracture mode of rock can transition from shear to ten-
sile, and the ratio of energy transformation before and
after the peak is positively correlated with unloading
rates (Huang and Li 2014). The criterion established
by Feng et al. (2024) provided a new understanding
of the effect of strain rate on dynamic rock strength
(Feng et al. 2024). In true triaxial rock failure tests,
researchers have discovered an energy evolution law
indicating that the energy storage limits and elastic
energy density of rock increase with the rise of the
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second and third principal stresses. The third princi-
pal stress promotes rock energy dissipation, while the
second principal stress inhibits it (Zhang et al. 2019a,
2019b). Microseismic monitoring, combined with
the moment tensor inversion method, has proven to
be a valuable approach for understanding rockbursts
in tunnels. Abundant data obtained from microseis-
mic monitoring allows for the analysis of statistical
parameters and waveform characteristics, which can
serve as early warning indicators of rockbursts (Liang
et al. 2020; Xue et al. 2020). Moreover, the combi-
nation of microseismic monitoring and moment ten-
sor inversion contributes to clarifying the mechanical
mechanisms controlling the failure modes of sur-
rounding rock and enables a reasonable and accurate
identification of the failure mechanism of rock masses
(Zhao et al. 2024).

Acoustic emission (AE) features play a crucial role
in monitoring and understanding rock failure pro-
cesses. Various studies have highlighted the signifi-
cance of AE monitoring in revealing the characteris-
tics of rock failure (Lavrov 2003; Ohtsu et al. 2007,
Zhai et al. 2022; Dong et al. 2023). The AE energy
index is particularly valuable as it represents the
energy dissipation during the evolution of rock frac-
turing (Meng et al. 2016; Liu et al. 2019; Wang et al.
2023). Monitoring AE information provides insights
into the coupling effect between initial damage and
mechanical loading damage. It can be divided into
several stages based on AE energy, including the ini-
tial low-level stage, the relatively stable stage before
the peak, the peak burst stage, the dense stage after
the peak, and the relatively stable stage of residual
intensity (Zhao et al. 2023). Additionally, the average
frequency centroid of AEs has been found to reveal
precursory characteristics for critical failures in red
sandstone with different water contents (Zhao et al.
2021a, b).

In this paper, the focus is on examining the influ-
ence of loading rates on the energy change during
the circular-tunnel weakening process. The research-
ers investigate the accumulation and release features
of strain energy to understand the mechanism of cir-
cular-tunnel instability. By considering three differ-
ent vertical loading rates, they analyze the formation
mechanism of circular-tunnel instability from the per-
spective of strain energy movements.
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2 Basic theories

The equation of energy balance during the deforma-
tion and failure of rock can be expressed as,

E;=E +E,+E,=E +E,+E +E,

where, E; is the total input energy. E, is the kinetic
energy. E; is the viscous damping dissipates energy.
E, is the absorb energy. E| is the elastic strain energy.
E, is the hysteresis dissipates energy. E, = E, + E.

In the closed system of "tunnel-surrounding rock",
when the released energy is greater than the sum of
the various energies consumed, it is possible to lose
stability, and its mathematical expression is as,

dWyg dwy aw,,

() () () o
where Wy is the deformation energy stored by the
closed system. o is the energy release coefficient of
the closed system. Wy is the strain energy accumu-
lated by tunnel excavation disturbance. p is the cor-
responding strain energy accumulation coefficient
under disturbance. W, is the energy dissipation of
tunnel failure.

In this study, the stress boundary conditions are
set as, the maximum principal stress o, is the axial
stress, and the intermediate principal stress 6, is the
horizontal stress. For the force at any place in the tun-
nel model, it is represented by a 2X2 stress matrix,
namely as,

_|doy; O
da,-—[ 0 dO’zi] )

The deformation generated by stress at any point
in the tunnel model can also be represented by a 2 X2
strain tensor matrix, namely as,

_|den O
o= |5 | ®

Stress is divided into two parts, one part represents
the overall change of volume, namely the effect of
normal stress. The other part represents the change of
microelement shape, which is the effect of deviatoric
stress. The change of microelement shape represents
the plastic deformation of tunnel and produce frac-
ture effect. Therefore, deviatoric stress can be solved
directly as follows:

do; =do); —doy, 4)

The strain tensor of any points in the stressed
body can be decomposed into spherical strain tensor
and partial strain tensor. The stress component of the
point can be solved as follows:

deij = % X (de|; + dey;) 5)

Deformation and fracture of rock are primarily
attributed to deviatoric stress. The deviatoric strain is
a physical quantity that characterizes the deformation
response of rock mass under deviatoric stress. The
direction of these two quantities is identical, and their
product represents the work performed by deviatoric
stress. Consequently, it is possible to determine the
amount of energy input during the stability weaken-
ing of a tunnel model by the following formula:

w; = doy X de; ©6)

As per Eq. 6, the energy input during the weaken-
ing of circular-tunnel stability mainly comprises the
energy stored within the rock mass before excavation
and the energy increment resulting from the distur-
bance caused by excavation. On the other hand, the
energy loss is primarily associated with the energy
dissipated during the deformation and failure of the
circular-tunnel model. Thus, it is plausible to evaluate
the weakening process of the circular-tunnel stability
by comparing the energy input from strain with the
dissipated energy.

3 Circular-tunnel instable failure test
3.1 Circular-tunnel model preparation

In this study, underground engineering granite was
selected, which predominantly consists of minerals
such as quartz, mica, hornblende, and plagioclase.
Due to variations in the strength of these minerals,
the heterogeneous nature of crystal bonding between
particles, and the presence of natural defects in the
structure of these minerals, the granite exhibits sensi-
tivity to stress and holds immense research value.

To comply with the recommendations of ISRM
and meet the experimental requirements, the
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Fig. 1 Circular-tunnel
model

Loading system Rock specimen

AE sensors

AE system CCD camera

Fig. 2 Schematic diagram of the experimental system

granite sample was processed using ISRM-approved
methods to form a standardized cube measuring
150% 150 150 mm?>. As shown in Fig. 1, a circular
through hole with a diameter of 45 mm was drilled
at the center of the specimen. Vertical loading rates
of 0.3 mm/min, 0.4 mm/min, and 0.5 mm/min were
employed, and four data points were collected at each
rate.

3.2 Test equipment setting

The experimental system is mainly composed of load-
ing device, AE system and CCD camera, as shown in
Fig. 2. The setup of the laboratory equipment should
be consistent to guarantee the conformity of experi-
ment data of different rock specimens (Ishida et al.
2017). The basic performance parameters of each
equipments are as follows:

(1) Loading system: RLW-3000 servo pressure test-
ing machine is used in this study, the maximum
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150mm

150mm

axial pressure is up to 3000 kN, the maximum
lateral pressure reached 1000 kN. The control
accuracy on two loading ends is less than + 1%.

(2) AE system: The fracturing characteristics of
weakening process of circular-tunnel stabil-
ity were recorded by eight AE detectors (PCI-2,
Physical Acoustics Corporation, United States).
Multiple AE parameters, such as waveforms, hits,
ring-down counts, and amplitudes, are collected
by eight AE sensors.

(3) CCD camera: The model of CCD camera is used
Pike F-421 (Germany). The spatial resolution of
CCD camera is set as 640 pixelsx512 pixels.
The sampling rate is set up to 80P/s, respectively.

4 Results and discussions
4.1 Experimental results

4.1.1 Phase division of stability weakening
of circular-tunnel model

As depicted in Fig. 3, the evolution of instability in
the circular-tunnel occurs in four distinct phases:
the hydrostatic pressure phase, the particle ejection
phase, the flake stripping phase, and the instability
phase. These phases characterize the weakening pro-
cess of the circular-tunnel model.

(1) Hydrostatic pressure phase (E1, Fig. 3a): Due to
the low stress levels, no obvious fracturing phe-
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(c) Flake stripping phase (E3)

‘, "é Particle ejection

ey i

(d) Instability phase (E4)

e

Fig. 3 The photograph of the weakening process of circular-
tunnel

2

3

Fig. 4 The photograph of
final instable of the circular-
tunnel

nomenon was observed in the surrounding rock
of the circular-tunnel.

Particle ejection phase (E2, Fig. 3b): As the verti-
cal stress increases to a certain degree, a small-
scale particle ejection was observed at the lumbar
line position of the surrounding rock.

Flake stripping phase (E3, Fig. 3c): As the axial
stress continues to increase, the cracking phe-
nomena of the lumbar line position of the sur-
rounding rock gradually expanded. Initially,
small particle ejections developed into flake off
and eventually progressed to particle mixing with
continuous ejection.

(4) Instability phase (E4, Fig. 3d): As the axial stress

further increases to a critical point, the surround-
ing rock experiences intense particle ejections.
Large amounts of particles burst from the wall
with great force, accompanied by a distinct crack-
ling sound. The lumbar line exhibits a continu-
ous "V" shaped explosion pit, and a significant
amount of debris particles accumulates at the
bottom of the circular-tunnel model.

4.1.2 The failure phenomena of circular-tunnel

surrounding rock

Figure 4 demonstrates that as the loading rates
increase, the failure phenomenon of the surrounding
rock in the circular roadway becomes more severe
and affects a larger area.

(1) 0.3 mm/min (Fig. 4a): During the failure process

@

of the surrounding rock in the circular roadway,
the type of debris that is ejected typically consists
of small particles or flakes. The sound of insta-
bility is relatively mild, resembling the sound of
breaking twigs with occasional crackling noises.
Initially, small particles are ejected, followed by
the ejection of some small fragments. Finally,
slight failure on the wall surface and a narrow
instability pit may appear.

0.4 mm/min (Fig. 4b): The type of debris that is
ejected during the failure process of the surround-
ing rock in the circular roadway includes not only
flaky mixtures but also small particles. The sound
of instability is dominated by a mild crackling
sound. At the beginning of the failure process, small
particles are ejected and flakes peel off and are
ejected. Eventually, a large amount of rock powder

(b) 0.4mm/min (c) 0.5mm/min

@ Springer
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is ejected as well. The final damage area is greater
than 0.3 mm/min, and the resulting crater is deeper.
(3) 0.5 mm/min (Fig. 4c): The type of debris that is
mainly ejected during the failure process of the
surrounding rock in the circular roadway is tabu-
lar debris. The sound of instability is dominated
by continuous crackling. The failure process is
primarily characterized by lamellar peeling, with
a small amount of particles being ejected and a
large amount of rock powder being ejected as
well. Eventually, the damage becomes severe,
and the inner wall of the circular-tunnel suf-
fers significant damage. An obvious "V" shaped
explosion crater may form, and a large amount of
suspended debris may remain on the section.

4.1.3 The crack type variation of surrounding rock
during the weakening process

The type of crack that appears in the surrounding
rock of the circular roadway is dependent on the
stress conditions and closely linked to the release of
strain energy. In this context, the relationship between
the RA-AF and crack type can be identified. The
RA-AF relationship can be calculated using various
AE parameters such as rise time, amplitude, counts,
and duration time as shown in Eq. 7 (Shiotani 2008).
RA = RiseTime
{ AR = _ Couns® ™

DurationTime

To classify the crack type, the vectors of [RA, AF]
are populated for RA and AF, respectively, as shown

Fig. S Schematic diagram A

of crack classification. a)

a Before normalization

(Farhidzadeh et al. 2014); b ,3‘

after normalization) S
=
o
2
68
)
en
s
15)
>
<«

in Eq. 7. The crack type is then divided into two
modes: Mode I, which is a tensile crack character-
ized by high AF values and low RA values, and Mode
II, which is a shear crack, characterized by low AF
values and high RA values (Farhidzadeh et al. 2014).
This division is illustrated in Fig. Sa.

Figure 5b shows a proportional distribution of the
relative number of tensile and shear cracks. While
this qualitative description provides valuable insights,
in order to capture the quantitative features of tensile
and shear cracks, some processing is required. This
processing can be achieved using Eqgs. 8 to 10. Nor-
malization step are used to deal with AF and RA, and
AF’ and RA’ is solved as follows,

AFy, = LoDl N
T ®
j—min .
RA’I —_ m,l —_ 1 ...... N

01 is a key parameter to distinguish shear and tensile
cracks (Fig. 5b). tan@ is solved as follows,

AFI,

tand! = E; 9)

tan@/ > 1, tensilecrack 10
else, shearcrack (10)

Figures 6 and 7 are the energy and counts of ten-
sile or shear cracks in different phases. The character-
istics on each phase are as:

(1) Hydrostatic pressure phase (E1): As shown in
Fig. 6 (El), there are significantly more ten-
sile cracks than shear cracks. At a loading rate

b) )
Tensile crack
0.75 [
N
§ 05 ¢
[T
<C
0.25 [ /
o LY 0 Shear crack

RA value
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Fig. 6 The crack type in different phase by RA-AF’s relationship. a 0.3 mm/min; b 0.4 mm/min; ¢ 0.5 mm/min

2

of 0.4 mm/min, the energy index of both tensile
and shear cracks reaches high counts, as shown
in Fig. 6. Additionally, cracks are developed in
areas of lower energy, as illustrated on the left
side of Fig. 7. In this area, tensile crack makes up
the largest proportion of all crack types, as seen
on the right side of Fig. 7.

Particle ejection phase (E2): At a loading rate
of 0.3 mm/min, the energy index of both tensile
and shear cracks is larger than in the E1 phase,
as shown in Fig. 6. However, the number of shear
cracks is significantly smaller than that of ten-
sile cracks at loading rates of 0.4 mm/min and
0.5 mm/min. Moreover, the AE energy is lower
in areas where cracks are developed, as illustrated

3

on the left side of Fig. 7, and the AE counts are
smaller compared to the E1 phase, as seen on the
right side of Fig. 7.

Flake stripping phase (E3): In shear fracturing
events at lower loading rates of 0.3 mm/min and
0.4 mm/min, the energy index is associated with
fewer numbers of cracks. However, at a loading
rate of 0.5 mm/min, the energy index is high,
resulting in large amounts of shear cracks, as
shown in Fig. 6. In all situations, the AE energy
of both tensile and shear cracks is lower in areas
where cracks are developed, as illustrated on the
left side of Fig. 7. Additionally, the counts of ten-
sile cracks are larger than those of shear cracks,
as seen on the right side of Fig. 7.

@ Springer
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Fig. 7 The cracks distribution along rock fracturing process. a 0.3 mm/min; b 0.4 mm/min; ¢ 0.5 mm/min

(4) Instability phase (E4): The energy index of both
tensile and shear cracks reaches its highest value,
as shown in Fig. 6. Additionally, the AE energy
of shear cracks is higher than that of tensile
cracks in areas where cracks are developed, as
illustrated on the left side of Fig. 7. However, the
counts of tensile cracks are larger than those of
shear cracks, as seen on the right side of Fig. 7.

The ratio of shear crack is significantly lower than
tensile in the previous three phases, there energy
value also smaller than the final phase. Big energy
events are happen in E4 phase. The maximum energy
value is presented in the type of shear crack on both
loading rates of 0.3 mm/min and 0.5 mm/min, the
maximum energy value in 0.4 mm/min is tensile
crack type. The strength criterion is also beneficial
to measure the key failure information. Zhao et al.
(2021a, b) developed a new calculation method based
on two indices, compressive strength and tensile
strength, and discovered that the accuracy of tensile
strength test results is closely linked to the compres-
sion-tension ratio.

@ Springer

4.2 Strain energy accumulation and release of
circular-tunnel weakening process

4.2.1 The features of strain energy accumulation

The number of strain energy accumulations during the
weakening process of a circular tunnel is solved by
Eq. (6). The curves of strain energy in each phase are
shown in Fig. 8, while the curves of cumulative strain
energy during the weakening process of the circular
tunnel are illustrated in Fig. 9. The cumulative varia-
tion law of strain energy on hydrostatic pressure phase
(E1), particle ejection phase (E2), flake stripping
phase (E3), and instability phase (E4) are as follows:

(1) Hydrostatic pressure phase (El): The energy
accumulation values corresponding to the three
loading rates are around 15 kJ, which suggests
that they are not affected by the loading rate.

(2) Particle ejection phase (E2): The inner wall of the
circular tunnel shows a small number of particle
ejections, and the amount of strain energy input
is at a low level, as shown in Fig. 8. From the
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Fig. 8 The curves of strain energy on each phase during weak-
ening process of circular-tunnel

hydrostatic pressure phase to the particle ejection
phase, the cumulative strain energy in the loading
rate of 0.5 mm/min is slightly higher compared to
the other loading rates, as illustrated in Fig. 9.

(3) Flake stripping phase (E3): The strain energy in
the E3 phase is significantly higher than that in
the particle ejection phase (E2). Among the three
loading rates, the loading rate of 0.5 mm/min has
the largest increase in strain energy (as shown in
Fig. 8) and the most significant increasing trend
in cumulative strain energy during the weakening
process of the circular tunnel (as shown in Fig. 9).

(4) Instability phase (E4): The strain energy dissipa-
tion in this phase is significantly higher compared
to other phases, and the storage strain energy prop-
erty in this phase is the weakest among all phases.
In this phase, the strain energy values for the
loading rates of 0.3 mm/min and 0.4 mm/min are
slightly less than that in the flake stripping phase,
while the strain energy value for the loading rate of
0.5 mm/min is significantly larger than that in the
flake stripping phase (as shown in Fig. 8). Moreo-
ver, the growth rate of cumulative strain energy
in the loading rate of 0.5 mm/min is the largest
among all loading rates (as shown in Fig. 9).

The hydrostatic pressure phase (E1) has the larg-
est amount of strain energy among all phases. This
reflects that the depth of the underground structure
to a certain extent determines the possibility of rock
mass failure, i.e., the original stress level of the under-
ground rock mass is the root cause of its failure. The
cumulative strain energy variations exhibit a trend of
growth (as shown in Fig. 10). The strain energy of the
rock mass increases due to engineering disturbance,
which is the cause of the failure of the rock mass.

4.2.2 The features of strain energy release

Previous studies have shown that there is a positive
correlation between the amount of strain energy stor-
age, the intensity of rock fracturing events, and the
degree of strain energy dissipation (Huang and Li
2014; Zhang et al. 2019c). Acoustic Emission (AE)
events represent the regularity of fracturing activity,
while the cumulative AE energy is a feature of strain
energy dissipation. Figure 10 illustrates the evolution

@ Springer
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Fig.9 The curves of cumulative strain energy on each phase »
during weakening process of circular-tunnel

of circular tunnel weakening as characterized by AE
events and cumulative AE energy:

(1) Hydrostatic pressure phase (E1): AE cumulative
energy exhibits low levels for all three loading
rates. However, there are significant differences
in AE events, with the most active AE event
occurring at a loading rate of 0.3 mm/min, fol-
lowed by 0.4 mm/min, and the weakest AE event
occurring at 0.5 mm/min.

(2) Particle ejection phase (E2): The AE cumula-
tive energy remains relatively low for all load-
ing rates. There are also some differences in
the performance of AE events, with the loading
rates of 0.3 mm/min and 0.5 mm/min exhibiting
more activity than in the previous phase, while
the loading rate of 0.4 mm/min exhibits the same
level of activity as in the previous phase.

(3) Flake stripping phase (E3): The AE cumulative
energy for the loading rates of 0.3 mm/min and
0.5 mm/min exhibit a step-like growth pattern,
while the growth pattern for the loading rate of
0.4 mm/min is not significant enough. In terms of
AE events, all three loading rates show consist-
ency and are weaker than in the previous phase.

(4) Instability phase (E4): All three loading rates
exhibit a step-like jump in both AE events and
cumulative energy over a short period of time.
The loading rate of 0.5 mm/min exhibits slightly
stronger AE events than the other two rates, and
its corresponding AE cumulative energy is also
greater than that of the other two rates.

4.3 Tunnel instable failure on site

Tunnel instable failure, while not leading to full col-
lapse, is a type of localized fracturing event. The
results of the tunnel model failure in this study exhib-
ited localization characteristics, which were observed
not only in laboratory-scale simulation experiments
(Figs. 3c and d), but also at underground mine sites
(Fig. 11). The "V" shape observed in the central sec-
tion of the tunnel was found to be a typical feature of
brittle failure, which was consistent across both lab-
oratory-scale and mine site observations. However,
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Fig. 10 the curves of AE event and AE cumulative energy »
during weakening process of circular-tunnel

the types, locations, and intensities of fracturing var-
ied significantly among different tunnels. Relying
solely on monitoring parameters is not sufficient to
fully capture the weakening and instability features of
tunnels.

Exploring the accumulation and release of strain
energy is crucial for fully understanding the charac-
teristics of circular-tunnel stability weakening. One
phenomenon that deserves particular attention is the
significant decrease in AE event activity during the
middle and later stages of flake stripping, as shown
in Fig. 11. This period of decreased AE activity is
referred to as the "AE quiet period", and is considered
to be a precursory feature of instability failure (Yin
et al. 2009; Smittarello et al. 2022; Chen et al. 2023).
Understanding this characteristic can provide valu-
able insights into tunnel stability and potential failure
mechanisms.

5 Conclusions

(1) The process of weakening in circular tunnels
exhibits distinct phase characteristics, includ-
ing the hydrostatic pressure phase, particle ejec-
tion phase, flake stripping phase, and instability
phase. As the vertical loading rates increase, the
intensity of circular-tunnel fracturing begins to
increase, as does the migration of strain energy.

(2) As the vertical loading rates increase, the dam-
age to the rock specimens becomes more severe,
making it increasingly difficult to adjust the strain
energy. During the hydrostatic pressure phase,
the strain energy reaches its maximum value,
with the cumulative strain energy variations
exhibiting a steady increasing trend.

(3) Strain energy migration is a valuable indicator of
the evolution of circular-tunnel weakening. The
AE quiet period observed during the middle and
later phases of flake stripping is a particularly
useful precursory feature of circular-tunnel insta-
bility failure. By tracking strain energy migration
and monitoring AE event activity, it may be pos-
sible to predict instability failure in circular tun-
nels and take appropriate preventative measures.
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Fig. 11 Tunnel failure at
mine site. a Mine site in
Erdaogou Gold Mine (Liu
et al. 2018); b mine site
in Sanshandao Gold Mine
(Jiang et al. 2022)
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Appendix 1

The cumulative strain energy of loading rate 0.3 mm/min on each phase.

Strain energy in each phase

Cumulative strain energy

E1°/k] E2"/kJ E3™"/k] E4™ /K] (E1+E2) /K]  (E1+E2+E3)/k] (E1+E2+4+E3+E4)/
kJ
GS(0.005)-1 14.68 3.72 5.81 9.19 18.393 24.199 33.392
GS(0.005)-2 14.10 4.45 6.19 3.28 18.552 24.744 28.027
GS(0.005)-3 16.67 3.68 7.01 6.19 20.356 27.368 33.561
GS(0.005)-4 14.09 4.25 8.07 4.89 18.342 26.412 31.298
AVE 14.885 4.026 6.770 5.888 18.911 25.681 31.569

*Strain energy in hydrostatic pressure phase; **Strain energy in particle ejection phase; ***Strain energy in flake

stripping phase; ****Strain energy in instability phase.

Appendix 2

The cumulative strain energy of loading rate 0.4 mm/min on each phase.

Strain energy in each phase

Cumulative strain energy

E1/k] E2/Kk] E3/k] E4/k] (E1+E2)/k] (E1+E2+E3)/k] (E1+E2+E3+E4)/kJ
GS(0.006)-1 13.81 4.10 3.45 9.51 17.910 21.361 30.873
GS(0.006)-2 14.15 5.27 8.23 5.99 19.425 27.659 33.649
GS(0.006)-3 13.84 3.48 6.76 8.29 17.322 24.084 32.378
GS(0.006)-4 14.90 5.00 8.92 4.73 19.895 28.810 33.538
AVE 14.177 4.461 6.840 7.131 18.638 25.478 32.610

*Strain energy in hydrostatic pressure phase; **Strain energy in particle ejection phase; ***Strain energy in flake
stripping phase; ****Strain energy in instability phase.

Appendix 3

The cumulative strain energy of loading rate 0.5 mm/min on each phase.

Strain energy in each phase

Cumulative strain energy

E1/KJ E2/k]  E3/kK]  EA4/KI (E1+E2) /kJ (EI+E2+E3)/k]  (El+E2+E3+E4)
/KJ
GS(0.008)-1 15.60 5.54 6.08 11.12 21.143 27.224 38.342
GS(0.008)-2 13.55 3.68 8.64 8.06 17.231 25.867 33.923
GS(0.008)-3 14.20 5.69 5.50 12.98 19.888 25.388 38.365
GS(0.008)-4 14.37 3.75 7.26 10.26 18.122 25.379 35.638
AVE 14428 4668 6868  10.602 19.096 25.965 36.567

*Strain energy in hydrostatic pressure phase; **Strain energy in particle ejection phase; ***Strain energy in flake
stripping phase; ****Strain energy in instability phase.
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